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ABSTRACT Large sections of the 3' untranslated region 
(UTR) or hepatitis C Tiros (UCV) were deleted from an 
infections cDNA done, and the RNA transcripts from seven 
deletion mutants were tested sequentially for infedtvity In a 
chimpanzee. Mutants lacking ail or part of the 3' terminal 
conserved region or the polyfU-UC) region were unable to 
infect the chimpanzee, indicating that both regions are critical 
for infectivity in viva. However, the third region, the variable 
region, was able to colerate a deletion ihat destroyed the two 
putative stem-loop strnctnres within this region. Mutant 
VR-24 containing a deletion of the proximal 24 nt of the 
variable region of the 3' UTR was viable in the fhirnpatwee and 
seemed to replicate as well as the undeleted parent virus. The 
chimpanzee became viremtc 1 week after inoculation with 
mutant VR-24, and the HCV genome titer increased over time 
during the early acute infection. Therefore, the polyfll-UC) 
region a nd th e conserved region, but not the variable region, 
of the 3' UTR seem to be critical for in vivo infectivity of HCV. 



More than 170 million people worldwide are infected chron- 
ically with the hepatitis C virus (HCV; rei 1), and HCV is the 
most common cause of chronic liver disease and hepatocellular 
carcinoma in many countries (2, 3). Furthermore, HCV- 
related liver failure frequently requires liver transplantation 
(2). In addition, HCV Infection is associated with a number of 
extrahepatic diseases, most notably mixed cryoglobulinemia 
and glomerulonephritis (3). Thus, HCV infection is a major 
global public health problem, and there is en urgent need to 
understand the virus better and to develop vaccines and more 
effective treatment 

HCV has been classified as the sole member of the genus 
HepacMnts within the Flavlviridac family (4). Like members of 
Lhe genera Flavfvina and Pestivms, HCV has a positive-sense 
single-stranded RNA genome that encodes a single long ORP 
bounded by 5' and 3' untranslated regions (UTR). The UTRs 
of HCV hove highly conserved elements believed to be critical 
for RNA replication and packaging, as well as for polyprotein 
translation (5-8), Additionally, elements of the 5" UTR func- 
tion as an internal ribosome entry site for initiation of polypro- 
tein translation (9), The 3' UTR consists of a short sequence 
of variable length and composition (variable region), a poly- 
pyrimidinc tract [poly(U-UC) region], and a highly conserved 
sequence of approximately 100 nt at the 3' end (conserved 
region or 3'X; refa. 6-8 and 10). These three distinct regions 
were found among isolates of all six HCV genotypes (6-S, 
10-12). The sequence of the conserved region has the poten- 
tial to form three stem-loop structures, including a highly 
stable stem-loop of 46 m at the 3' end (6-8, 13), In many other 
positive-strand RNA viruses, including the related flavrvi- 
ruses, conserved sequences or structures at or near the 3' end 
represent cis elements critical for viral replication (reviewed in 
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rel 6). However, the importance of different conserved ele- 
ments of the 3' UTR of HCV has not been established 
experimentally. 

The development of infectious cDNA doncs of HCV (14- 
16) and die refinement of in mo transection techniques (16) 
have made it feasible to test the effect of various mutations on 
the ability of HCV to replicate in tho only validated animal 
model, the chimpanzee. In the present study, we sequentially 
inoculated a chimpanzee with a series of mutants containing 
large deletions in the 3' UTR and determined which mutations 
were lethal as a first step toward mapping critical regions of the 
3' UTR. 

MATERIALS AND METHODS 

Amplification and Cloning of the 3' UTR Deletion Mntants 
of pCV-H77C We generated mutated 3' UTRs of the infec- 
tious cDNA clone of HCV genotype la (H77Q rel 15) by 
using standard PCR procedures and/or synthesized oligonu- 
cleotides. The mutated 3' UTR was subcloned into a TA vector 
(Invitrogen), substituted for the entire 3' UTR of H77C (15) 
contained in a pGEM vector (pH77-3'UTR), or substituted for 
the corresponding sequence of H77C. Multiple clones were 
screened by sequence analysis. Subcloned fragments with the 
correct sequence were then cloned into the original infectious 
done, H77C. The seven mutants (Fig. 1) were constructed with 
the oligonucleotides listed m Table 1 as follows. For -98X, the 
mutated 3' UTR was amplified from H77C by PCR with 
primers H9386F and H9501R, purified, and cloned into H77C 
by usirjg4/7II/A2wI sites. For -42X, hybridized cDNA of two 
complementary oligonucleotides (H9517S-ODN and H9557R- 
ODN) were cloned into pH77-3'UTR by using A/M/A&al sites 
and then cloned into H77C by usingyy/n/X&al sites. For X-52, 
the mutated 3* UTR was generated by an extension PCR 
procedure. The 5' fragment from H77C was amplified with 
primers H912QS and H9377R, purified, extended at the 3' end 
by PCR with antisense prfmcr H(X"52)R, and men cloned into 
H77C by using Ndel/Xbal sites. For X, a 5' fragment was PCR 
amplified from H77C with primers H9120S and H9377R, 
purified, extended at the 3' end by PCR with antisense primer 
HXR, and finally cloned into H77C by using Ndel/Xbal sites. 
For -49X, a 5' fragment was PCR amplified from H77C with 
primers H9386F and H9513R, purified, extended by PCR with 
antisense primer H-49XR, and cloned into H77C by using 
AflH/Xbal sites. For -U/UC hybridized oligonucleotides 
[(-UAJQS-ODN and (-U/UQR-ODN) were cloned into 
pH77-3'UTR by using AftH/Pihel sites and transferred into 
H77C by using Aflll/JCbal sites. For VR-24, the mutated 3' 
UTR was amplified from H77C with primers H9120S-II and 



Abbreviations: IlCv. hepatitis C virus; pX, post inoculation; UTR, 
untranslated region. 
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Table 1. Oligonucleotides used for constructing the deletion mutants of the 3' UTR of an HCV infectious done (pCV-H77C) 
Designation Sequence (5' -» 3')* 



H9386F 

H9501R 

H9517S-ODN 

H9557R-OHN 

H9120S 

H9377R 

KXR 



H(X-52)R 

H9513R 
H-49XR 

(-u/aas-orai 

(-U/UCJR-ODM 

H9120S-II 
H9377R-II 



GCCCTAGTCAC GGCTACyCT roTGAAAOQTCOGTOAGCCGC ^ 

QgrgCTAOATGCGGCTCACGGflCgrTra 

GTCCC^GCTAGGCTTCTGTCCAGAGGACGCAG 

TCATCGGTTGGGGAGGAGGTAGATG 

CGTCTCTAS^TGATCTGCAGAGAGGCCAGTATCAC 

ACGGACCTTTCACAGCTAGCCGTXSACTAGGGCTAAGATGGAGCCA^ 

GGGGAGOAGGTAGATG 
CGTCSCJ^JS^CATGATCTtXAGAGAGGCCAGTATC^ 

CGGTTGGGGAOGAGGTAGATG 
ATGCGGCATTAAAGAAGGGAAAAAGAAAGGAAAAAAAGAAGGAAAGG 
CeaQCT^CATGATCTGCAGAG^ 

AAGGGAAAAAGAAAGG 
ACTCCGGCCTCTTAAGCCATTTCCTGAATGGTGGCTCC^ 

GCTAGCTGTGAAAGGT 
ACCTTTCACASOaffiCGTGACTAGGGCTAAGATGGAGCCACCATT^ 

TAAGA GGCCGGAGT 
GTCCGCGCTAGGCTTCTGTCCAGAGGAG 
TTTTTTCCTCTOAAGTCATCGGTTGGGGAGGAGGTAGATG 



*HCV*spedCc sequences are shown in plain ten. Non-HCV-spedfic sequences are shown in bold face Cleavage sites used for cDNA cloning are 
underlined. 



H9377R-II, purified, and cloned into H77C by using Ndel/ 
Affil sites. 

Large-Scale Preparation of the 3' UTR Deletion Mutants or 
pCV»H77C, Followed by Complete Sequence Analysis. Each 
mutant was transformed into DH5a competent cells (GIBCO/ 
BRL) and selected on LB agar plates containing 100 ug/ml 
ampicillin (Sigma), Several colonies were cultured in LB liquid 
containing ampicillin at 30°C for -18-20 h. After small-scale 
preparation (Wizard Plus Minipreps DNA Purification Sys- 
tems, Promega), a plasmid preparation with the expected 
digestion pattern was relransformcd to select a single done, 
and large-scale preparation of plasmid DNA was performed 
with a Qiagen plasmid Maxi kit (Chatsworth, CA) as described 
(15). The complete HCV sequence of the final preparation was 
determined. Both strands of DNA were sequenced with the 
PRISM BigDye Terminator Cyde Sequencing Ready Reac- 
tion Kit (Applied Biosystems) by using AmpliTaq DNA poly- 
merase, FS (Pcrkin-Elmer) and about 60 specific sense and 
Hntiscnsc primers. Each mutant was stable; the digestion 
pattern was as expected after rctransformation, and the com- 
plete sequence was the expected one. 

Intrahepatic Transaction of n Chimpanzee with Tran- 
scribed RNA, In each of two transcription reactions, 10 fig of 
plasmid DNA, made linear with Xbal (Promega), was tran- 
scribed in a 100-ul reaction volume with T7 RNA polymerase 
(Promega) at 37°C for 2 h as described (15), and then 5 jil of 
the final reaction mixture was analyzed by agarose gel elec- 
trophoresis and cthidium bromide staining (15). Each tran- 
scription mixture was diluted with 400 jii of ice-cold PBS 
without calcium or magnesium and then immediately frozen 
on dry ice and stored at ^feWC. Within 24 h, both transcription 
mixtures were injected into the same chimpanzee by percuta- 
neous intrahepatic injection guided by ultrasound. Each inoc- 
ulum was injected into several separate areas of the liver. Tf the 
chimpanzee did not become infected, the same transection 
was repeated once. After two negative results, the next mutant 
was inoculated into the same chimpanzee by following the 



same protocol. Injections were performed at weeks 0 and 3 
with mutant -98X; at weeks 8 and 10 with -42X; at weeks 16 
and 18 with X-52; at weeks 22 and 27 with X; at weeks 33 and 
35 with -49X; at weeks 38 and 42 with -U/UC} and finally 
at week 46 with mutant VR-24. The chimpanzee was main- 
tained in an approved facility under conditions that met or 
exceeded all requirements for animal use. 

Serum samples were collected weekly from the chimpanzee 
and monitored for liver enzyme levels by standard procedures, 
Anti-HCV antibodies were monitored by the second- 
generation ELISA (Abbott), and HCV RNA was monitored by 
a sensitive reverse transcription-nested PCR assay with 
AmpliTaq Gold DNA polymerase (11, 17). Samples were 
scored as negative for HCV RNA if two independent tests on 
100 uJ of serum were negative. The genome equivalent titer of 
HCV in positive samples was determined by reverse transcrip- 
tion-nested PCR on 10-fold serial dilutions of the extracted 
RNA (11). The 3' region of the VR-24 mutant genomes 
(nucleotides 9,311-9,517 of H77C) were amplified from the 
infected chimpanzee at weeks 2 and 5 post inoculation (pi.) by 
reverse transcription-nested PCR as described (15) and ana- 
lyzed by direct sequencing and TA vector cloning of PCR 
products. 

RESULTS 

We deleted selected regions of the 3' UTR of pCV*H77C (Fig. 
1). Infectivity of RNA transcripts from seven mutants was 
evaluated by consecutive intrahepatic transfection of a chim- 
panzee. The entire genome of each mutant was sequenced 
before transcription to ensure that the only changes from the 
wild type were the engineered ones in rite 3' UTR. Mutants 
were considered nonviable if vircmia, as measured by viral 
RNA in the serum, was not detected within 2 weeks of the 
repeat transfection. Because an HCV Infection would corn- 
promise the chimpanzee for further transfections, the order of 



Fig. 1. (On the opposite page.) The 3' UTR deletion mutants of an infectious cDNA done of HCV (pCV-U77C; ret 15; figure adapted from 
KolykhalovcrizJL, ref. 6). The deleted sequences are shown in black ban. Sequences are shown starting at position 9363 in the NS5B. The 3' UTR 
of H77C has 225 nt, consisting of the ORF stop codon, a short sequence ol 40 m (variable region), a potyfU-UQ region of 81 nt, and a 3' terminal 
sequence of 101 nt (conserved region). Sequences in the 3' end of NS5B and in the variable region of the V UTR could potentially form two 
stem-loop structures, and sequences of the conserved region of the 3' UTR could potentially form three stem-loop structures. 
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the mutants was chosen such (hat the mutants we believed had 
the least chance of replicating were inoculated first. 

Mutants in which the 3' terminal 99 nt (-9SX), the 3' 
terminal 42 nt (-42X), or the proximal 49 nt (-49X) of the 
conserved region of the 3' UTR was deleted failed to replicate 
in the rhimpanrec, indicating that the conserved region was 
critical for infectivity in vivo. Moreover, mutants containing 
only the 3' terminal 49 m (X»52) or 101 m (X) of the 3' UTR 
were also not viable in vivo, indicating lhal the conserved 
region by itself was not sufficient and that either the pory(U- 
UC) region or the variable region also was required. Deletion 
of the poiy(U-UC) region (-U/UC) destroyed infectivity, 
whereas removal of the proximal 24 nt of the variable region 
( VR-24) of the 3' UTR did not. We had not detected HCV 
RNA, ami-HCV, or alanine aminotransferase elevation in the 
chimpanzee during the 46 weeks of the experiment before 
inoculation of mutant VR-24, Tn contrast, the chimpanzee 
became vircmic 1 week after Inoculation with mutant VR-24 
and had an HCV genome titer of 10 2 genome equivalents per 
ml, which increased to 10* genome equivalents per ml during 
weeks 2-6 pi. Thus, the conserved region and the po!y(U-UC) 
region of the 3' UTR, but not the proposed secondary 
structure of the variable region, which was disrupted in VR-24, 
seem to be critical for infectivity. 

Viral genomes recovered from the chimpanzee 2 and 5 
weeks after inoculation of mutant VR-24 were sequenced from 
the 3' end of NS5B through the 3' UTR or HCV. The 
consensus sequence of the variable region of the 3' UTR was 
identical to that of mutant VR-24 at weeks 2 and 5 pi 
Moreover, all 9 and 16 clones obtained at weeks 2 and 5 pi., 
respectively, from the infected chimpanzee had the engineered 
deletion of 24 nt within the variable region, indicating that the 
infection was caused by the VR-24 mutant and that the 
deletion was maintained. Interestingly, a G to A mutation was 
observed at position 9376 within the ORF stop codon (UGA 
and U&A). Direct sequence analysis of PCR amplicons 
showed significant quasispedes at this position, and 6 of 9 
clones generated from amplicons by TA cloning bad the G to 
A mutation at week 2 pi At week 5 pi., A was dominant at 
this position in the direct sequence, and 15 of 16 clones 
analyzed had this mutation. No other mutations were detected 
within the HCV sequence analyzed from the infected chim- 
panzee. 

DISCUSSION 

Deletion of large segments of any region of the 3' UTR, except 
for the variable region, destroyed the ability of an infectious 
cDNA done of HCV to replicate in a chimpanzee. Although 
these experiments showed that all but one of the designated 
"regions" plays a critical role In replication in vivo, they did not 
provide information about the relevant functions. Because 
HCV docs not replicate sufficiently wen in cell culture to allow 
biochemical analysis, the Identification of functions depends 
on indirect analysis using artificial systems combined with 
deductions based on comparisons with related viruses that are 
more amenable to study. 

Although the chimpanzee model is somewhat limited in its 
ability to define functions, it can provide important informa- 
tion shout the biological relevance of results obtained by in 
vfrp studies. In this instance, results from the chimpanzee 
study disagree with conclusions from in vitw studies that 
suggested that transcripts missing the 3 r terminal conserved 
region were able to replicate in cell culture (18, 19). In fact, 
three different mutants deleted for all or part of the conserved 
region were unable to infect a chimpanzee. Mutant -98X, 
which lacks the entire conserved region, was the first mutant 
injected. Thus, even if it replicated inefficiently in the chim- 
panzee, it should have been detected eventually, because the 
chimpanzee was studied by reverse transcriptfon-PCR for 46 
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weeks before the infectious mutant was tested. Additionally, 
the HCV genome sequences recovered at weeks 48 and 51 
were exclusively those of the VR-24 mutant. Therefore, it 
seems that not only was mutant -98X unable to mount a 
robust Infection, it was unable even to sustain itself in vivo, 
suggesting that the conserved region of the 3' UTR was 
indispensable for virus multiplication in the chimpanzee. 

Although it is stiD possible that the conserved region of the 
3' UTR is not required for RNA replication in cell culture, 
most data in the literature argue against this conclusion. 
Conserved terminal genome sequences or structures of RNA 
viruses typically have a critical role for RNA rep l ica t i on 
and/or packaging (4). Although the 3' terminal 80-100 nt of 
different flaviviruscs are heterogeneous in sequence, they all 
form putative stem-loop structures and have several conr- 
served sequence elements upstream (4). Mutagenesis analysis 
of infectious cDNA doncs of different f laviviruscs showed that 
Kuch sequences in the conserved region of the 3' UTR were 
critical for virus replication; mutations or deletions resulted in 
significant biological effects on viral growth or virulence 
(20-25). The 3' terminal sequence of 98 nt fa highly conserved 
among the different variants of HCV (6, 8, 10, 12), and, similar 
to other viruses of the Ftavtvtridae family, a membrane- 
associated replicase complex is thought to initiate replication 
at the 3' end of the HCV and to synthesize a complementary 
negative-strand RNA (4). The NS5B protein b believed to bo 
the RNA-dependent RNA polymerase ultimately responsible 
for HCV RNA replication (26, 27). However, several research 
groups recently found that cellular proteins, including pofy» 

Srrimidine tract-binding protein, interact s peci fic a l ly with 
emcnts within the conserved region or the 3' UTR (28-31). 
Them finding suggested that cellular proteins may act In 
concert with viral proteins at the 3' end of the HCV genome, 
thus imposing additional sequence restraints on the conserved 
region of the 3' UTR. 

Tn contrast to the universal occurrence of conserved 3' 
terminal sequences among poshive-strand RNA viruses, the 
inclusion of a polypyrimidine tract within thc3' UTR sequence 
is unique to HCV and GBV-B (6, 8, 32); therefore, there is no 
precedent for speculation as to its function. Because the 
mutant lacking the poly(U-UC) region was not viable In a 
chimpanzee, this region is critical for infecriviry of HCV. The 
polypytimidine tract-binding protein can interact with the 
poly(U-UC) sequences in addition to sequences within the 
conserved region (31). The poly(U-UC) region was found in 
all isolates of HCV to date, including the prototype (HCV-1; 
J3„ unpublished data), even though HCV-1 was previously 
reported to terminate with a poty(A) tall (33). The length of 
the poly(U-UC) tract seems to be highly variable (6, 8, 10, 12, 
15, 16); however, it should be noted that PCR artifacts might 
contribute to this heterogeneity (15). Kolykhalov ei aL (14) 
reported that HCV RNA transcripts from an infectious cDNA 
done with a poly(U-UQ region of 133 nt seemed to have a 
replicative advantage in chimpanzees over those with a poly* 
(U-UC) region of 75 nt, suggesting that the length of the 
poIy(U-UC) region might influence viral replication. 

Although the variable region of the 3' UTR of HCV is very 
heterogeneous in length and composition among different 
iiolales (34, 35), it is highly conserved among clones obtained 
from the umc viral strain (6, 15, 16). It has been suggested that 
the proximal sequence of this region wait important for HCV 
replication (34). However, the deletion mutant lacking the 
proximal 60% of the variable region was viable In the chim- 
panzee. Previously, wc found that a chimeric infectious cDNA 
done of genotype lb, which contained several mutations 
within the distal 40% of the variable region, was viable in vivo 
(16), suggesting further that the sequence of this region may 
not be critical Studies with other f iaviviruses showed that 
variable sequences typically found between the ORF and the 
conserved sequences of the 3' UTR of flaviviruses were not 
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critical for viral replication (20, 22, 24). Our finding thai an 
intact variable region is not critical for HCV replication in a 
chimpanzee is consistent with these conclusions. In the present 
study, the initial course of the infection with mutant VR-24 in 
a chimpanzee was similar to the course observed previously 
with the wild-type clone in two chimpanzees (ret 15; J.B., 
unpublished data). More follow up is warranted to determine 
whether the in Wra phenotype of the 3' UTR deletion mutant 
differs in any way from that of the wild-type virus. 

Mutagenesis studies of HCV can be performed in chimpan- 
zees, the only animal model for HCV. In vivo studies are the 
most definitive for evaluating infectivity and virulence, but 
they do not provide information about the relevant functions. 
Thus, die development of an efficient in vitro propagation 
system for HCV is required to perform more detailed analysis. 
The in vivo study provided information. about whether pre- 
dicted structures of the HCV 3' UTR were biologically rele- 
vant. For example, deletion of the 3' terminal stem-loop 
structure was deleterious, suggesting that this highly stable 
stem-loop structure was needed. In contrast, a mutant in which 
two predicted stem-loop structures were eliminated from the 
variable region of the 3' UTR was viable in the chimpanzee, 
indicating mat, if these secondary structures exist, they are not 
critical Future in vivo studies could provide important infor- 
mation on other biologically relevant structures! as well as 
relevant protein sequences, in the HCV genome. Because the 
poly(U~UC) region and the conserved region of the HCV 3' 
UTR were critical for infectivity, sequences within these 
regions and/or viral and host (actors that interact with such 
sequences eould represent targets for therapeutic agents 
against HCV. 
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